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Wheat blast of wheat (Triticum aestivum), caused by Magnaporthe oryzae pathotype triticum (MoT; anamorph Pyricu-

laria oryzae) is a destructive disease in the South American countries of Brazil, Paraguay and Bolivia. In Argentina, the

fungus was recently recorded on wheat and barley plants in the northeast part of the country, Buenos Aires and Corrien-

tes Provinces, with a potential for spreading. This work aimed to study, for the first time, the morphocultural and patho-

genic characteristics of Magnaporthe isolates collected from wheat and other herbaceous species in Argentina and three

neighbouring countries (Paraguay, Brazil and Bolivia) and determine their aggressiveness on wheat varieties. Statistical

differences among isolates, culture media, and development conditions were found for conidia colour, growth rate, size

and sporulation rate. Pathogenicity tests performed on seedlings with 19 isolates of Magnaporthe spp. under greenhouse

conditions showed a maximum disease severity of 55.3% and 66.7% for varieties BIOINTA 3004 and Baguette 18,

respectively. Weed and grass isolates were infectious on wheat, demonstrating their potential epidemiological role on the

disease. Spike disease severity was 34.6% for the host 9 pathogen interaction of BIOINTA 3004 9 PY22. Observed

symptoms included partial or total spike bleaching, and glume and rachis discolouration. The 1000-grain weight was

significantly reduced to 38.5% and 63.1% for cultivars BIOINTA 3004 and Baguette 18, respectively. The disease

affected grain germination, which fell to 65.9% for seeds infected with the PYAR22 isolate. Symptoms observed in

infected grains were partial spotting, grain softening, and rot symptoms with the presence of a greyish mould.
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Introduction

Magnaporthe oryzae pathotype triticum (MoT; also
known as Magnaporthe grisea; anamorph Pyricularia ory-
zae) causes brusone or wheat blast, a disease of wheat that
has become a serious limitation to wheat crop production,
especially in the tropical areas of the Southern Cone
region of South America (Kohli et al., 2011). This disease
was first described in Brazil in the north of Paran�a State in
1985 (Igarashi et al., 1986), and then spread to other
wheat-growing areas of Brazil (Goulart & Paiva, 2000).
Magnaporthe oryzae has also caused severe disease in
wheat in the neighbouring countries of Paraguay, Uruguay
and Bolivia (Kohli et al., 2011). Historically, the disease
has been reported on wheat from India (McRae, 1922),

Pakistan (Malik & Khan, 1943), USA (Rush & Carver,
1973) and Brazil (Igarashi et al., 1986; Diekmann & Put-
ter, 1995). In May 2011, M. oryzae was isolated from a
single severely blasted wheat head found in a wheat test
plot in Kentucky. This Kentucky strain was identified as a
native US ryegrass isolate and blast has not been identified
since on wheat in the US (Bockus et al., 2013).
Currently, wheat blast is mainly limited to the tropical

regions of South America (the lowlands and the high-
lands (3000 m a.s.l.); Vales et al., 2016) including Boli-
via, central and south-central Brazil, and Paraguay.
However, the continuous increase in greenhouse gases,
leading to global warming and associated climate
changes, could provide favourable conditions for the
spread of the disease to other parts of the world. Any
eventual transfer of the disease is likely to cause devas-
tating effects if there are no additional research pro-
grammes for disease prevention (Kohli et al., 2011). An
outbreak of wheat blast has occurred for the first time in
Bangladesh; the epidemic spread to 16% of the culti-
vated area, with yield losses reaching up to 100%
(Aman, 2016). It is feared that the disease could eventu-
ally spread into the Indo-Gangetic Plain through
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Bangladesh, northern India and eastern Pakistan (Call-
away, 2016). Phylogenomic and population analyses of
the wheat blast outbreak in Bangladesh revealed that it
was most probably caused by a wheat-infecting South
American lineage of M. oryzae and, thus, was most
probably introduced into Asia from South America
(Islam et al., 2016). In 2007, the disease was detected in
Argentina during a summer wheat trial in the province
of Chaco (Cabrera & Guti�errez, 2007; Alberione et al.,
2008). In 2012, the fungus was isolated from wheat
crops in experimental field trials of the Instituto Fitot�ec-
nico de Santa Catalina, Lavallol, Buenos Aires and was
also found in the accompanying weeds of these wheat
trials (Perell�o et al., 2015). Magnaporthe oryzae was also
reported in barley cv. Alicia INTA in Corrientes Province
of Argentina (Guti�errez & C�undom, 2015). These find-
ings call for intensive monitoring and surveillance of the
wheat blast pathogen to limit its further spread.
The most significant symptoms of wheat blast occur in

the spikes, which may have total or partial bleaching,
and could lead to grain infertility and/or failure of grain
filling, depending on the extent of rachis infection (Ura-
shima et al., 2004). At its worst, the disease can partially
or completely damage the spike, resulting in no grain
production. The fungus can also attack the leaves and
stems. The shape, colour, size and number of lesions
vary according to environmental conditions, plant age
and degree of susceptibility of the wheat variety. Magna-
porthe oryzae is characterized by simple, short, delicate,
conidiophores that carry clusters of conidia at their tips.
Conidia are typically obpyriform, hyaline, truncated with
a short tooth at the base, 2-septate, usually with a
pointed acute apex, 20–25 9 9–12 lm. Magnaporthe
oryzae can infect major cereals such as rice, its best-
known host, as well as wheat, barley, rye, triticale and
oats. The fungus also affects a wide range of weeds that
are normally found in association with cereals, such as
Brachiaria, Cynodon dactylon, Cyperus rotundus, Digi-
taria sanguinalis, Echinochloa crus-galli, Eleusine indica,
Lolium multiflorum, Pennisetum setosum and Steno-
taphrum secundatum (St Augustine grass), some of which
have been identified in Argentina as secondary hosts
(Martinez, 1971; Wolcan & Perell�o, 1987; Guti�errez
et al., 2000). However, little is known about the impor-
tance of inoculum proceeding from secondary hosts
under natural conditions (Kohli et al., 2011).
The pathogen is favoured by average temperatures of

25 °C or higher, and humidity conditions of 80% or
higher. Such conditions, if perpetuated by 24 h or more
of rain when the host is in the flowering stage, lead to
particularly effective infection and spread to the spikes.
The absence of epidemiological studies of this new
pathogen makes it difficult to assess areas of potential
risk in Argentina. The fungus overwinters in infected
wheat stubble and weed seeds, both of which can act as
a source of primary inoculum for disease development
(Kohli et al., 2011). Transmission of the fungus by
wheat seed has been demonstrated by Goulart & Paiva
(1990), although little is known about the importance of

seed infection in the epidemiology of the disease (Ura-
shima et al., 1993). However, the presence of the patho-
gen in the seed is directly related to germination and
vigour, as this fungus can be transmitted to the progeny
causing serious losses to seed producers and farmers
(Teixeira & Machado, 2003). Infection of seed is one of
the mechanisms of long distance diffusion, which results
in the introduction of the disease into other states,
regions and countries. When infected, seeds appear wrin-
kled, small, shrivelled, and with low specific weight
(Consolo et al., 2016). Consequently, most of these seeds
are eliminated in the process of harvesting, which
explains the low incidence in commercial wheat seed. A
great diversity in aggressiveness of M. oryzae on wheat
cultivars has been reported and is under investigation
(Perell�o et al., 2016), although, to date, no resistant vari-
eties of wheat blast are available (Urashima et al., 2004).
Results from the germplasm tested reveal a differential
response of cultivars/lines to M. oryzae, which can be
attributed to the high variability of the strains that make
up the population of the pathogen (Cruz et al., 2008).
One of the strategies to prevent losses by wheat blast

is the use of healthy seeds, because contaminated seeds
are a source of primary inoculum of the disease (Goulart
& Paiva, 1990). Given the threat of wheat blast to wheat
crops in South America, and the alarming recent expan-
sion of this pathogen in Asia (Bangladesh), the aims of
this paper were to (i) determine the morphological and
in vitro traits of this fungus; (ii) assess the virulence of
MoT isolates collected from Argentinian wheat and
grasses; (iii) analyse the response of wheat cultivars after
inoculation with MoT isolates in both seedling and spike
stages under greenhouse conditions, and (iv) examine the
seedborne infection of MoT in several wheat varieties.

Materials and methods

The experiments were conducted at the laboratory and green-

house of the Centro de Investigaciones de Fitopatolog�ıa

(CIDEFI), Facultad de Ciencias Agrarias y Forestales, Universi-
dad Nacional de La Plata, Buenos Aires Province, Argentina

(34°520S, 57°580W) from March to December 2015.

Collection and isolation of blast pathogen

Samples of wheat (Triticum aestivum) spikes and leaves showing

typical blast symptoms were collected from the experimental
fields of the Instituto Fitotecnico Santa Catalina, Lavallol, Bue-

nos Aires, in 2012. Weeds and grasses showing symptoms were

also collected at the Estaci�on Expermental Julio Hirschhorn, Los

Hornos, Buenos Aires, Argentina (Table 1). Infected tissues were
cut into small pieces and surface sterilized by dipping in 0.7%

ethanol for 2 min, then a 5% sodium hypochlorite solution for

2 min; afterwards samples were rinsed two times with sterile
distilled water, dried with sterile tissue paper and then trans-

ferred onto water agar (6%). The mycelium resulting from the

plant tissue was subcultured on oatmeal agar (OMA) and incu-

bated at 25 °C for 10 days. Isolates were identified by their
conidial morphology, according to the criteria of Ellis (1971,

1976). The isolates were stored for long-term preservation at

�20 °C, to avoid loss of pathogenicity and the ability to
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sporulate, following the preservation technique of Magnoporthe
conidia of Gouchang et al. (1989).

Characterization of MoT isolates and mycelia growth
on different culture media

Growth characteristics of four isolates of MoT (PY22, PYPG,
PYBR, PYBOL) were studied on three solid media: V8 agar (V8A),

OMA and rice agar (RA). All media were inoculated with 5 mm

mycelium discs cut from the periphery of actively growing cultures

of each MoT isolate and incubated at 25 � 2 °C for 9 days, with
alternating cycles of 12 h light (3500 lux) plus near-UV light

(365 nm) followed by 12 h dark, or with continuous darkness.

Treatments were OMA 12/12 h light/dark, OMA continuous

darkness, V8A 12/12 h light/dark, V8A continuous darkness, RA
12/12 h light/dark, and RA continuous darkness. Each treatment

was replicated four times. After 9 days, colonies were observed for

morphological and cultural characteristics: mycelial colour (using
the colour codes of Rayner, 1970), margin type, texture, sporula-

tion, and growth rate were recorded. Colony diameters (mm) of

each isolate grown on Petri dishes were measured in two directions

at 2-day intervals until the tenth day of incubation. Fifty conidial
spores of these isolates were measured, length and width, by light

microscopy, using ocular and stage micrometers. Degree of sporu-

lation was measured by flooding the Petri dish with 5 mL sterile

distilled water and dislodging the conidia with a bent glass rod.
The resulting suspension was filtered through cheesecloth and the

concentration of conidia was determined with a haemocytometer.

Pathogenicity test under greenhouse conditions

In order to evaluate isolate aggressiveness, two greenhouse trials

were conducted. The experiments were performed with common

wheat BIOINTA 3004 (BIOINTA) and Baguette 18 (Baguette),
two commercial cultivated varieties in the wheat-producing area

of Buenos Aires province. Ten seeds per pot were sown in black

plastic pots (30 L capacity), and cultured in the greenhouse of
the CIDEFI. Seedlings were thinned to six per pot. A total of 30

pots per cultivar were analysed.

For inoculum production, isolates were cultured on OMA for

10 days. Conidia were suspended in sterile distilled water and
their concentration was adjusted to 50 000 spores mL�1 using a

haemocytometer. The same concentration was used for leaf and

spike inoculation, in two separate experiments.

Aggressiveness was evaluated by inoculating leaves of wheat
seedlings of the two cultivars with 15 isolates of MoT (Table 1).

Leaves were inoculated at the three-emerged-leaf stage (growth

stage Z1.3; Zadoks, 1972) by spraying the conidial suspension
onto the leaves until run-off. A volume of 20 mL of the adjusted

spore suspension from a given isolate was sprayed on each indi-

vidual pot. After inoculation, plants were covered individually

with polythene plastic sheets for incubation and kept at 100%
relative humidity for 48 h. Controls were sprayed with 20 mL

distilled water only. Two pots with six plants per isolate, per

cultivar, were tested. Infection was assessed at 7 days after inoc-

ulation; symptoms were recorded and severity (%) was calcu-
lated as [diseased leaf area⁄total leaf area] 9 100.

Wheat spike infection patterns were evaluated by the inocula-

tion of grown wheat plants of both cultivars with five isolates of

Magnaporthe sp.: PYLO, PYCY, PY13, PY18 and PY22. These
isolates were selected from the results given by the leaf experi-

ment. Spikes were inoculated at anthesis (growth stage 65;

Zadoks, 1972). The spikelets of each spike were sprayed with
the conidial suspension until run-off. A volume of 2 mL of the

adjusted spore suspension from a given isolate was sprayed on

each spike. Control spikelets were sprayed with 2 mL of dis-

tilled water only. After inoculation, spikes were covered individ-
ually with black plastic bags to maintain 100% relative

humidity for 24 h and then the bags were replaced with clear

plastic bags for another 24 h. Plants were evaluated at 7, 15

and 21 days post-inoculation.
Disease severity was calculated as the percentage of diseased

spikelets over the total number of spikelets on each spike.

The area under the disease progress curve (AUDPC) was cal-
culated from the disease ratings recorded previously, according

to the formula of Shaner & Finney (1977):

AUDPC ¼
Xn�1

i¼1

Xi þXiþ1

2

� �
ðtiþ1 � tiÞ

where Xi = disease severity at the ith observation, ti = days at
the ith observation, and n = total number of observations.

At maturity, heads of the inoculated spikes and controls were

harvested and hand threshed to avoid loss of infected kernels

that were light and shrivelled. The 1000-grain weight for each
treatment was calculated.

Data were statistically analysed using the nonparametric

Kruskal–Wallis test and the software INFOSTAT and STATISTICA.

Effects of Magnaporthe sp. on wheat seed germination
and quality

Seedborne infection of wheat by MoT and its transmission to
seedlings were studied quantitatively by the standard blotter

Table 1 Isolates of Magnaporthe sp. tested for infection of wheat

cultivar leaves

Code Origin

Organ from

where the

fungus was

isolated Host

PYLO FCAyF UNLP Exp. Sta Leaf Lolium multiflorum

PYST FCAyF UNLP Bot. Gar. Leaf Stenotaphrum

secundatum

PYECH FCAyF UNLP Exp. Sta. Leaf Echinochloa

crus-galli

PYCY FCAyF UNLP Exp. Sta Leaf Cynodon dactylon

PYCR FCAyF UNLP Exp. Sta Leaf Cyperus rotundus

PY10 IFSC-FCAyF UNLP Spike rachis Triticum aestivum

PY12 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY13 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY15 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY16 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY18 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY19 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY20 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY21 IFSC-FCAyF UNLP Spike rachis T. aestivum

PY22 IFSC-FCAyF UNLP Spike rachis T. aestivum

PYBOL Bolivia, GAU-Go Spike rachis T. aestivum

PYBR Brazil, GAU-Go Spike rachis T. aestivum

PYAZ PRFP-Sta Fe Panicle rachis Oryza sativa

PYPG Paraguay Spike rachis T. aestivum

FCAyF UNLP, Facultad de Ciencias Agrarias y Forestales de la Univer-

sidad Nacional de La Plata, Buenos Aires, Argentina; Exp. Sta., Experi-

mental Station Julio Hirschorn, FCAyF UNLP; Bot. Gar., Botanical

Garden, FCAyF UNLP; IFSC, Phytotechnical Instutute Santa Catalina,

FCAyF UNLP; GAU-Go, Georg August Universit€at, G€ottingen, Ger-

many; PRFP-Sta Fe, particular rice field producer, Santa Fe, Argentina.
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method, using artificially infected seeds of three commercial

wheat cultivars, BIOINTA 3004, Baguette 18 and Klein Proteo.
Seeds were disinfected with 5% sodium hypochlorite for 5 min

and rinsed three times with sterile distilled water before being

inoculated with five isolates of MoT: PY22, PYBOL, PYBR,

PYPG and PYAZ. For inoculation, the seeds were placed in a
suspension of 1.5 9 105 conidia mL�1 and a volume 2.5 times

its spore mass for 1 h. Controls were placed in distilled water

only for the same period.
Four hundred seeds were arranged in replicates of 50 seeds

per plastic tray lined with three layers of water-soaked blotter

paper, with eight trays used per isolate. Seeds were deposited

with sterile forceps in each tray and were incubated at
20 � 2 °C for 7 days in cycles of 12 h near-UV light/12 h dark-

ness. Seeds were observed after 7 days to determine whether

they were infected by MoT. Percentage of germinated seeds, per-

centage infection, the symptoms of emerged seedlings and, if

infected, the location of the fungus were recorded after observa-

tion through a stereomicroscope.

Data analysis

The statistical analysis was conducted using a one-way ANOVA

test. Mean comparisons of treatments were performed by

Tukey’s test (a = 0.05).

Results

Characterization of Magnaporthe sp. isolates and
mycelial growth on different culture media

The isolates showed different growth characteristics on
each of the three mycological media and these are

Table 2 Colony description of four isolates of Magnaporthe oryzae pathotype triticum under incubation conditions of (a) 12 h light/12 h dark and (b)

24 h continuous darkness at 25 °C, plated on oatmeal agar (OMA), V8 agar (V8A) or rice agar (RA)

Light regime

Culture

medium Isolate

Colony

shape Colony surface Elevation Coloura Edge Internal structure

(a) 12 h

light/12 h

dark

OMA PY22 Round Concentric rings,

rough

Diffuse 120 Pale olivaceous

grey

Eroded Cottony-filamentous

PYPG Round Rough, radiated Diffuse 120 Pale olivaceous

grey

Eroded Cottony-filamentous

PYBR Round Concentric rings,

rough

Diffuse 120 Pale olivaceous

grey

Eroded Cottony-filamentous

PYBOL Round Concentric rings,

rough

Diffuse 120 Pale olivaceous

grey

Eroded Cottony-filamentous

V8A PY22 Round Smooth flat Middle high 121 Olivaceous grey Whole border Granular-filamentous

PYPG Round Concentric rings Middle high 48 Olivaceous Whole border Granular-filamentous

PYBR Round Concentric rings,

rough

Middle high 69 Dark herbage

green

Whole border Granular-filamentous

PYBOL Round Concentric rings Middle high 48 Olivaceous Whole border Granular-filamentous

RA PY22 Round Rough Flat 117 Pale mouse grey Whole border Velvety

PYPG Round Rough, radiated Flat 117 Pale mouse grey Whole border Velvety

PYBR Round Concentric rings,

rough

Flat 120 Pale olivaceous

grey

Eroded Velvety

PYBOL Round Concentric rings Flat 121 Olivaceous grey Eroded Velvety

(b) 24 h

dark

OMA PY22 Circular Rough Diffuse White Eroded Cottony-filamentous

PYPG Circular Rough Diffuse White Eroded Cottony-filamentous

PYBR Circular Smooth flat Flat 91 Greenish glaucous Eroded Cottony-filamentous

PYBOL Circular Smooth flat Flat 122 Iron grey Eroded Granular smooth

V8A PY22 Circular Smooth flat Flat 122 Iron grey Whole border Cottony-filamentous

PYPG Circular Smooth flat Flat 121 Olivaceous grey Whole border Granular smooth

PYBR Circular Smooth flat Flat 120 Pale olivaceous

grey

Whole border Cottony

PYBOL Circular Smooth flat Flat 133 Pale greenish grey Whole border Granular smooth

RA PY22 Circular Rough High level in the

periphery and

flat in the centre

91 Greenish glaucous Whole border Velvety-filamentous

PYPG Circular Rough High level in the

periphery and

flat in the centre

91 Greenish glaucous Whole border Velvety-filamentous

PYBR Circular Rough High level in the

periphery and

flat in the centre

91 Greenish glaucous Eroded Velvety-filamentous

PYBOL Circular Rough High level in the

periphery and

flat in the centre

91 Greenish glaucous Eroded Velvety-filamentous

aColour codes are described in Rayner (1970).
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summarized in Table 2. Under growth conditions of
12 h light/12 h dark, colonies were round in shape for
all isolates and culture media, while the colony surface
on OMA had variations: concentric rings with rough sur-
faces for isolates PY22, PYBR and PYBOL, or a rough,
radiated surface for the PYPG isolate. On V8A, the
PY22 isolate showed a smooth, flat surface, while the
other isolates formed concentric rings. On RA, PYPG
and PY22 isolates presented a rough surface while the
rest of tested isolates formed concentric rings. Colony
elevation was diffuse for all isolates tested on OMA,
middle to high when cultured on V8A and flat on RA.
Colony edges were mostly full-margin with some excep-
tions in which some sectors presented an eroded edge.
The internal structure had filamentous, cottony mycelium
in all isolates grown on OMA, granular-filamentous
when grown on V8A, and velvety on RA. The colour
also varied under these growth conditions: all OMA-
grown colonies showed a pale olivaceous grey colour
(120), PYBOL and PY22 showed an olivaceous grey col-
our (121) for V8A, while PYPG-grown colonies had an
olivaceous colour (48). On RA, PYPG and PY22 colonies
were a pale mouse grey colour (117), PYBR was pale oli-
vaceous grey (120) while PYBOL had an olivaceous grey
(121) colour (Table 2a).
When grown in continuous darkness, all isolates for

the three culture media tested grew circular colonies. The
colony surface of PYPG and PY22 grown on OMA was
rough, although PYBOL and PYBR colonies were
smooth. All isolates tested produced smooth-surfaced
colonies on V8A, yet a rough surface was produced on
RA. PYPG and PY22 had diffusely elevated colonies on
OMA, although flat colonies were observed for the rest
of the isolates tested. On V8A all isolates had flat-topped
colonies, while on RA colonies had a combination of
high elevation along the edge but were flat in the centre.
An eroded edge was found for all isolates on OMA,
intact border on V8A, and of both types on RA, accord-
ing to the isolate. Colony internal structure differed
according to the isolate/medium combination: cottony-
filamentous, granular, cottony-stringy, or a granular
smooth structure. Colony colours on OMA were: white,
greenish (91), or iron grey (122), while on V8 colours
ranged from iron grey (122), olivaceous grey (121), grey
olivaceous (120) to pale greenish grey (133). Interest-
ingly, all isolates on RA showed a greenish glaucous (91)
colour (Table 2b).
Under growth conditions of 12 h light/12 h dark, the

culture medium OMA produced the highest growth rates
for all the isolates. In this medium, the PYPG growth
rate (0.79 cm day�1) was statistically higher than the
other isolates (Table 3a; Fig. 1a). When grown in contin-
uous darkness, the ANOVA for growth rates indicated no
significant differences between isolate 9 culture medium
interaction, but there were differences in overall averages
among culture media (Table 3b). OMA and RA were the
media in which isolates had the highest rate of growth
(Fig. 1b).

Investigation of sporulation showed that, when grown
in 12 h light/12 h dark, isolate PY22 on OMA produced
the highest number of conidia compared to the
rest (500 000 conidia mL�1); in contrast, PYBOL
on OMA produced the lowest number of conidia
(8400 conidia mL�1; Table 4a). Under these growth con-
ditions, all isolates sporulated on all media. When iso-
lates were grown in continuous darkness, on OMA,
isolate PY22 produced the highest number of conidia
(15 000 conidia mL�1), whereas isolates PYPG and
PYBR did not sporulate (Table 4b). In contrast, on V8A,
all isolates sporulated highly, particularly PY22, which
produced the highest number of conidia (940 000 coni-
dia mL�1) for this medium. However, the highest sporu-
lation values compared to the other media and growth
conditions were produced on RA in continuous darkness
by PYBR, with 1 970 000 conidia mL�1, and PY22,
with 1 170 000 conidia mL�1, although neither PYPG
nor PYBOL sporulated on this medium in these condi-
tions. Thus, not all isolates sporulated in darkness, but,
within those that did sporulate, PY22 was the only iso-
late that sporulated in all media with high numbers of
conidia (Table 4b).
Conidial shape was typically pyriform with a rounded

base, narrowed apex, 2-septate, 3-celled, with the middle
cells broader than the others. Under growth conditions
of 12 h light/12 h dark, distinct differences in spore size
were seen among isolates, with variability in length and
width of conidia, according to the culture media tested.
On V8A, larger conidia were found (30.72 lm
long 9 1.68 lm wide; Table 4a). However, under condi-
tions of continuous darkness, no great variability in
length and width of conidia was observed among isolates
(Table 4b).

Pathogenicity test under greenhouse conditions

The ANOVA of the severity data indicated significant dif-
ferences in disease severity (P < 0.05) between treat-
ments, isolates, and cultivars after inoculation of wheat
leaves with MoT. The aggressiveness of the fungus
towards cultivar Baguette 18 was considerable, giving
the highest disease severity values. The percentage of
infection for BIOINTA ranged from 1.5% to 55.3% of
the leaf area (Fig. 2a). In cultivar Baguette, severity

Table 3 Analysis of variance (ANOVA) of the growth rate (cm/day) for

isolates of Magnaporthe oryzae pathotype triticum growing under (a)

12 h light/12 h dark and (b) 24 h continuous darkness

Source of variation

Variation (%)

(a) 12 h

light/12 h dark

(b) 24 h

dark

Isolate 21.13** 0.54

Medium 47.07** 8.80**

Isolate 9 Medium 7.84** 0.88

**Significant, P ≤ 0.05.
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values ranged from 2.8% to 66.7% (Fig. 2b). On both
cultivars, isolate PY22 caused the highest disease severity
values in the ranking issued by the Kruskal–Wallis test,
with 50% or more infected leaves on both cultivars
tested, making it the most aggressive of all isolates
tested. BIOINTA was severely infected by PY22, with a
leaf infection percentage of more than 50% (55.3%),
while Baguette 18 reached 66.7% (Fig. 2a,b).
Isolates of M. oryzae spp. from weeds and grasses such

as Lolium sp., S. secundatum, Echinochloa sp., Bromus
unioloides and Cyperus sp. were pathogenic on wheat.
Symptoms commonly observed on wheat were necrotic
lesions with a greyish centre and brown margin. Other
types of symptoms observed were chlorotic lesions,
necrotic diamond-shaped lesions, greenish necrotic
lesions and elongated brown lesions, depending on the
strains and cultivars analysed.
At 7 days after inoculation (dai), statistical differences

in severity of disease on spikes amongst the cultivars
BIOINTA and Baguette were found. Among isolates,
PY22 induced the highest values of infection in cultivar
BIOINTA (Fig. 3a). At 15 dai, progress of the disease
was observed, with values ranging from 0% to 26.1%
and 9.0% to 27.3% for BIOINTA and Baguette culti-
vars, respectively (Fig. 3b). At this time, isolates differed
significantly for cv. BIOINTA, particularly PY22 and

PY13, and PY18 for cv. Baguette (Fig. 3b). At 21 dai,
the infection values ranged between 2.4% and 34.6%
for cultivar BIOINTA, and between 13.6% and 28.1%
for cultivar Baguette (Fig. 3c). At this timepoint, further
progress of the disease was marked, as there were signifi-
cant differences between cultivars and between isolates,
particularly the combination BIOINTA/PY22, which dif-
fered significantly from the rest. Overall, fungal isolates
from weeds and grasses induced a lower disease severity
than those from wheat.
Figures 2 and 3 show that there is specific cultivar 9

isolate interaction for disease severity of wheat in these
experiments. The cultivar BIOINTA was the most sus-
ceptible to the isolates from wheat, but was also most
resistant to isolates from other species, suggesting the
existence of two types of resistance mechanism.
As was observed in the wheat leaf assay, fungal iso-

lates from weeds and grasses induced a lower severity
of disease in the spikes of both cultivars. The correla-
tion between AUDPC and severity of the disease in the
spikes, assessed 21 dai, was found to be significant and
higher for BIOINTA (Fig. 4a) than for Baguette
(Fig. 4b). The symptoms observed were ellipsoidal
necrotic lesions with a brown edge and lighter centre
on the glumes, a greying rachis, and total or partial
spike blanching.
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Grains were visually smaller and shrivelled compared
to the uninoculated controls. MoT infection significantly
affected the weight of wheat grains (P < 0.05), with
reductions of 38.5% in Baguette and 63.0% in
BIOINTA when compared to the healthy controls
(Fig. 5).

Effect of Magnaporthe sp. on germination and quality
of wheat seeds

As shown in Figure 6, inoculation of grain with isolates
of Magnaporthe spp. had a differential effect on the cul-
tivars BIOINTA and Baguette. In Klein Proteo, germina-
tion was not altered as a result of infection by any of the
five isolates tested. In Baguette, only inoculation by
PYBR produced a significant reduction in germination
(15%); however, in BIONTA, the five isolates signifi-
cantly affected germination with reductions of 50% or
less. Symptoms observed in the three cultivars included
full or partial rotting of grains with development of
mycelium on the grain surface, and necrotic symptoms
(spotting) at the end of the grain or along the surface.
When calculating the incidence of symptoms per cultivar
(Table 5), BIOINTA was shown to have the highest inci-
dence of infected grains, which differed significantly from
Klein Proteo, where four of the five isolates tested did

not cause rot. Moreover, BIOINTA seedlings that devel-
oped from infected seeds presented symptoms 15 days
after inoculation with PY22. It should be noted that a
negative correlation between sprouted grains and grains
with symptoms, particularly rot, was observed in
BIOINTA, which was comparatively the most affected of
the three cultivars tested in both parameters.

Discussion

Thirteen MoT isolates, one isolate of M. oryzae from
rice, and five isolates of Magnaporthe spp. from weeds
were studied to define and characterize its diversity and
pathogenicity. The morphocultural characteristics of
colonies of MoT varied, depending on the culture med-
ium and conditions where the isolates developed. Tre-
vathan (1982), who evaluated the growth of 20 isolates
of M. oryzae in different culture media, determined that
OMA was the most favourable medium for growth, giv-
ing a higher growth rate in 12 of the 20 isolates tested.
Similarly, Gashaw et al. (2014) found OMA to be the
best medium for the growth of P. grisea (M. oryzae) iso-
lates causing blast disease on finger millet in Ethiopia.
These results are in agreement with the present study,
where better and faster fungal growth was achieved on
OMA than V8A or RA. The increased performance on

Table 4 Colony diameter, sporulation and conidia measurements of four isolates of Magnaporthe oryzae pathotype triticum growing under (a) 12 h

light/12 h dark and (b) 24 h continuous darkness

Light regime

Culture

mediuma Isolate

Colony

diameter (cm)

Sporulation

(conidia mL�1)

Conidia

Length (lm)b Width (lm)b L:W

(a) 12 h light/12 h dark OMA PY22 8.5 500 000** 24.9 (19.72) 16.8 12.0 (10.50) 9.6 1.8

PYPG 8.2 9600 38.4 (23.36) 16.8 12.0 (10.72) 9.6 2.0

PYBR 8.5 10 400* 26.4 (22.08) 16.8 12.0 (9.92) 9.6 2.2

PYBOL 8.5 8400* 36.0 (21.76) 16.8 19.2 (10.72) 9.6 2.0

V8A PY22 8.5 290 000** 36.0 (30.72) 19.2 14.4 (11.68) 9.6 2.6

PYPG 7.8 310 000** 36.0 (27.26) 21.6 12.0 (11.80) 7.2 2.3

PYBR 8.5 300 000** 33.6 (23.76) 16.8 12.0 (10.20) 7.2 2.3

PYBOL 7.8 200 000** 48.0 (27.84) 24.0 16.8 (11.68) 9.6 2.4

RA PY22 8.0 320 000** 19.2 (16.32) 12.0 9.6 1.7

PYPG 7.8 180 000** 26.4 (25.12) 21.6 9.6 (7.84) 7.2 3.2

PYBR 8.4 300 000** 24.0 (19.92) 14.4 7.2 2.8

PYBOL 8.0 12 000** 26.4 (21.60) 19.2 12.0 (5.56) 7.2 3.9

(b) 24 h dark OMA PY22 8.2 15 000** 16.8 (14.08) 9.6 7.2 2.0

PYPG 8.1 0* — — —

PYBR 8.5 0* — — —

PYBOL 8.5 10 400* 19.4 (16.32) 14.4 7.36 2.2

V8A PY22 7.5 940 000*** 24.0 (19.44) 16.8 9.6 2.0

PYPG 7.4 200 000** 19.2 (16.56) 14.4 7.2 2.3

PYBR 7.3 410 000** 24.0 (21.20) 19.2 12.0 1.8

PYBOL 7.3 150 000** 24.0 (21.50) 19.2 12.0 1.8

RA PY22 7.8 1 170 000*** 24.0 (20.46) 16.8 7.2 (6.94) 4.8 2.9

PYPG 7.2 0* — — —

PYBR 8.1 1 970 000*** 21.6 (19.12) 16.8 16.8 (8.72) 7.2 2.2

PYBOL 8.0 0* — — —

*0–100 000 conidia mL�1, low sporulation; **100 000–500 000 conidia mL�1, moderate sporulation; ***>500 000 conidia mL�1, high sporulation.
aOMA, oatmeal agar; V8A, V8 agar; RA, rice agar.
bMeasurements given as maximum (mean) minimum values, respectively.
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OMA may be due to the higher content in this medium
of microelements that are essential for good growth of
Magnoporthe species, as indicated by Meena (2005).
Interestingly, Meena (2005) found that differences in col-
ony colour arise from the difference in spore production
of P. grisea on different media. Thus, the colour differ-
ences observed in the present study might have been due
to the stages of the spores on different patterns of
growth.
The variability in conidial size among isolates of M.

oryzae has been well documented by Tochinai &
Nakano (1940). Gashaw et al. (2014) concluded that it
is probable that the different environmental conditions
under which isolates grow exert an important influence
upon the form and size of conidia of M. oryzae. This
was supported by the present study, where sporulation
rate differences were evident not only according to the
culture medium, but also according to the growth

conditions. MoT conidia developed better under 12/12 h
light/dark than continuous darkness, similar to the
results of Cruz et al. (2007), who showed the best results
for growth and sporulation under this photoperiod.
PY22, in particular, sporulated in all culture media tested
and in both growth conditions, although with higher val-
ues on OMA.
Such knowledge of the appropriate culture media and

culture conditions for this fungus contribute to its correct
handling for increased inoculum production. This is
important for use of inoculum in field experiments for
screening of germplasm used for breeding and testing
blast resistant varieties.
Pathogen diversity plays a major role in disease

dynamics and, consequently, in the success of disease
management strategies, including the development of cul-
tivars resistant to the disease. Cruz et al. (2010), studied
18 isolates of M. oryzae on 70 wheat genotypes and
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concluded that variation in the degree of susceptibility
by genotypes, which ranged from 9.2% to 61.6% of the
leaf area affected, was indicative of the difference in par-
tial resistance of the genotypes studied. In the present
investigation, the values of leaf area affected ranged from
2.8% to 66.7%, indicating the great susceptibility of the
two Argentinian cultivars of wheat studied at the seed-
ling stage to this new disease. Cruz et al. (2015) eluci-
dated the importance of basal leaves in disease aetiology
of MoT. As also observed in the present investigation,
the fungus has the potential to produce conidia on wheat
basal leaves and conidia production on leaves coincides

with spike emergence. Additional studies are needed in
Argentina to understand the significance of autoinfection
in the wheat blast pathosystem; blast can progress from
older to younger leaves as the season progresses and
basal wheat leaves are a potential source of wheat blast
inoculum. Analysing the correlation between seedling
and head infection, only PY22, which showed the highest
severity on leaves, also showed the highest head infection
values, particularly when infecting BIOINTA. This result
demonstrates that there is a level of genetic diversity
among the isolates of Magnaporthe spp. tested. As at the
seedling stage, the pathogenicity test at the heading stage
revealed that the five isolates tested expressed different
levels of aggressiveness. The partial resistance of Bagu-
ette was effective against PY22 and PY13 but not PY18;
in contrast, the partial resistance of BIOINTA was effec-
tive against PY13 and PY18 but not PY22. Thus, the
specificity of the partial resistance of these two cultivars
seems different, at least under the experimental condi-
tions used. BIOINTA showed good resistance to PYCY
and PYLO at the three evaluation dates compared to
Baguette. However, the correlation between AUDPC and
disease severity on spikes was higher for BIOINTA (R2 =
0.98) than the correlation found for Baguette
(R2 = 0.56). These results suggest that some wheat culti-
vars may be partially resistant to isolates of Magna-
porthe spp. but less so to MoT. Similar results, showing
that some wheat cultivars in the USA may be partially
resistant to M. oryzae pathotype lolium (MoL) but less
so to MoT, were recently found by Mills et al. (2015).
Further studies to assess the vulnerability of wheat com-
mercial cultivars under field conditions in Argentina
should receive top priority in order to avoid potential
losses associated with the impact of this new disease that
will be favoured in the coming years by the warmer tem-
peratures of climate change.
Guti�errez et al. (2000) found and identified 11 plant

species infected by the fungus M. oryzae namely Bra-
chiaria extensa, Bromus catharticus, D. sanguinalis,
Echinochloa colona, Leersia hexandra, Luziola peru-
viana, Panicum dichotomiflorum, Paspalum acuminatum,
Pennisetum purpureum, Setaria glauca and S. secunda-
tum collected from the provinces of Corrientes, Chaco
and Formosa in the northeastern part of Argentina.
These hosts all presented similar symptoms of blight or
grey leaf spot on leaves, with elongated, elliptical spots,
about 0.5–3 mm long, with a grey-green centre and a
darker edge, surrounded by a yellowish halo. Similarly,
Chavez & Kholi (2015) confirmed the presence of M.
oryzae in alternative species of grass weeds in Paraguay,
such as B. catharticus, Brachiaria sp., Chloris gayana,
Cyperus diffusus, Digitaria horizontalis and L. multiflo-
rum. Pathogenicity tests performed with isolates from
Bromus, D. horizontalis and L. multiflorum inoculated
on wheat plants confirmed the potential role of these
species as alternative hosts of M. oryzae (Chavez &
Kholi, 2015). Interestingly, isolates of Magnaporthe from
several poaceous hosts were reported in Brazil. Accord-
ing to the report of Ceresini et al. (2016), Urochloa sp.,
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a widely grown pasture grass occupying more than 90
million ha in Brazil, was proposed to provide a major
source of wheat blast inoculum and to be the preferred
host for pathogen recombination. Regarding blast disease

of poaceaous crops and their wild relatives, a multilocus
gene genealogy concordant with host preference indicates
segregation of a new species, M. oryzae, from M. grisea
(Couch & Kohn, 2002). Moreover, recent advances in
phylogenetic analyses of these fungi resulted in taxo-
nomic revisions of Magnaporthales (Zhang et al., 2016).
A comparative genomics analysis of host-specific isolates
revealed gain and loss of genes as a major evolutionary
mechanism driving host specialization in this pathogen
species (Yoshida et al., 2016). The important role that
weeds could play as secondary hosts of this disease in
Argentina is confirmed by the results of the present
study; isolates from weeds and grasses, collected in the
province of Buenos Aires, were pathogenic on the wheat
commercial cultivars tested under experimental condi-
tions. Moreover, in 1987, M. oryzae was found infecting
S. secundatum, a common grass in Argentina (Wolcan &
Perell�o, 1987). In addition, annual ryegrass (L. multiflo-
rum), another common host of M. oryzae, is one of the
most widespread forage grasses in production systems of
milk and meat from different regions of Argentina, due
to its high potential to produce quality forage under dif-
ferent driving conditions. Further study on the role of an
endemic Lolium-infecting pathogen (MoL) and its rela-
tionship with MoT is recommended as it has been sug-
gested that MoT and MoL may belong to a single
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pathogen super-population (Farman et al., 2016). As has
been speculated in the USA (Mills et al., 2015), MoL
may pose a threat to wheat production in Argentina if
conditions are conducive for disease development and a
susceptible cultivar is planted.
It has also been speculated that seedborne infection

plays a vital role in the outbreak and dissemination of
wheat blast. Little is known about the effect of M. ory-
zae on wheat seed germination, despite reports of the
presence of the pathogen on seeds. Urashima et al.
(2009) examined the effect of M. oryzae on wheat seeds
in Brazil and observed a reduction in germination of
38% for cultivar CD104. In the present study, it was
found that M. oryzae decreased germination by 1–
65.9%, indicating that the effect on germination depends
on the variety of wheat and the isolate used. However, it
is possible that results of studies on the transmission of
disease from wheat seeds to seedlings may be associated
with the methods used. Dias Martins et al. (2004) com-
pared different methods for investigating disease trans-
mission from triticale seeds infected with M. oryzae,
such as seeding in filter paper and sterilized soil. They

found that different methods yielded values ranging from
35% to 60% transmission. Thus, although there was
variation between the methods used, they all demon-
strated the importance of seeds as the primary source of
this disease. The standard blotter method was used for
the present investigation, with good effectiveness. There-
fore, it could be safely concluded that the variability in
germination percentage and in transmission of disease
from seed to seedling between the three wheat cultivars
assayed was a true result and depended on the isolate
and wheat cultivar used.
In summary, this study has confirmed that isolates of

M. oryzae have morphocultural variability according to
the culture medium and conditions tested. In particular
the colour of the colony, the rate of growth, and sporu-
lation varied. The OMA medium and culture conditions
of 12 h light/12 h dark were confirmed as the most
favourable for M. oryzae growth and sporulation. More-
over, it is confirmed that the isolates of M. oryzae
assayed are seedborne and pathogenic on the Argentinian
commercial wheat cultivars tested. Variability in aggres-
siveness of isolates on the wheat cultivars tested
depended on the isolate 9 cultivar interaction and the
susceptibility of the germplasm currently under use in
the Argentinian wheat agroecological area. Isolates col-
lected from weeds in Argentina were also pathogenic for
wheat, and could be a potential source of fungal inocu-
lum, as well as playing an epidemiological role as green
bridges in the absence of a wheat crop. Isolates collected
from other countries of Latin America, such as Brazil,
Paraguay and Bolivia, were also pathogenic on wheat at
the heading stage, indicating a risk of infection from
these spores and mycelium in material imported from
these neighbouring countries into Argentina. It has been
confirmed that MoT affects both the vegetative (seed-
lings) and reproductive (spikes) stages, thus affecting at
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Table 5 Incidence (%) of symptoms of discolouration (D) and

softening (S) on wheat grains of cultivars Baguette 18, BIOINTA 3004

and Klein Proteo 14 days after the inoculation with five isolates of

Magnaporthe spp.

Isolate

Baguette 18 BIOINTA 3004 Klein Proteo

D S D S D S

PY22 0.0 5.8 5.0 60.0 28.3 9.2

PYBOL 10.0 4.2 0.0 60.8 34.2 0.0

PYPG 8.3 8.3 1.7 64.2 25.0 0.0

PYBR 6.7 5.8 1.7 50.8 20.0 0.0

PYAZ 7.5 0.0 7.5 41.7 27.5 0.0
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least some of the performance parameters of the wheat
crop (1000-grain weight). According to these results, a
serious economic threat exists for Argentinian wheat,
and therefore future studies of the entire pathosystem, in
order to obtain vital information for the Argentinian
wheat-producing areas, are recommended before the dis-
ease becomes widespread and established in wheat pro-
duction areas.
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